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Abnormalities of diastolic function have a major role in produc-
ing the signs and symptoms of heart failure. However, diastolic
function of the heart is a complex sequence of multiple interrelated
events, and it has been difficult to understand, diagnose and treat the
various abnormalities of diastolic filling that occur in patients with
heart disease. Recently, Doppler echocardiography has been used to
examine the different diastolic filling patterns of the left ventricle in
health and disease, but confusion about diagnosis and treatment
options has arisen because of the misinterpretation of these flow
velocity curves. This review presents a simplified approach to under-
standing the process of diastolic filling of the left ventricle and
interpreting the Doppler flow velocity curves as they relate to this
process. It has been hypothesized that transmitral flow velocity
curves show a progression over time with diseases involving the
myocardium. This concept can be applied clinically to estimate left
ventricular filling pressures and to predict prognosis in selected
groups of patients. Specific therapy for diastolic dysfunction based
on Doppler flow velocity curves is discussed.
(J Am Coll Cardiol 1997;30:8–18)
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Heart failure is the diagnosis made most commonly among
inpatients in the United States and accounts for 720,000 hospital
admissions annually (1). Previously, investigators focused on the
abnormalities of systolic function to explain the signs and symp-
toms of heart failure. The inability of the left ventricle to increase
cardiac output commensurate with exertion leads to increased
anaerobic metabolism in skeletal muscle, accumulation of lactate
and subjective symptoms of fatigue (2,3). Therapy directed at the
treatment of these abnormalities (i.e., inotropic agents, diuretic
drugs and afterload reducers) is well established for patients with
systolic dysfunction presenting with heart failure.
However, it has become increasingly clear that abnormali-
ties of diastolic function have a major role in producing signs
and symptoms in patients presenting with heart failure (4–7).
As many as one-third of patients with the diagnosis of heart
failure have normal systolic function, which implicates diastolic
dysfunction as a major pathophysiologic abnormality in these
patients (8,9). Even in patients with chronic heart failure that
is a result of systolic dysfunction, it is the increase in left
ventricular filling pressure that correlates most closely with the
degree of exercise limitation, independently of the severity of
systolic dysfunction (4,10–12). The incidence of diastolic dys-
function is age related, and heart failure due to diastolic
dysfunction rises dramatically with age (13–15).
The term “diastology” is currently used to refer to the
science and art of characterizing left ventricular relaxation and
filling dynamics and their integration into clinical practice. At
the bedside, diastolic dysfunction is difficult to diagnose and to
differentiate from systolic dysfunction on the basis of medical
history, physical examination, electrocardiography and chest
radiography. The S1 intensity is usually normal in isolated
diastolic heart failure but is usually diminished in systolic
dysfunction. However, cardiac catheterization is the standard
technique for direct measurement of filling pressures and rate
of left ventricular relaxation but is not practical for widespread
application or serial longitudinal follow-up examinations. Two-
dimensional echocardiography is excellent for diagnosing sys-
tolic dysfunction, and Doppler echocardiography has become
well accepted as a reliable, reproducible and practical nonin-
vasive method for diagnosis and longitudinal follow-up of
patients with diastolic dysfunction. In the past decade, several
advances in the application of Doppler echocardiography for
assessment of diastology have occurred so that clinical cardi-
ologists can now comprehend, interpret and prognosticate and
treat their patients based on Doppler flow velocity curves.
Therefore, Doppler echocardiography can be considered akin
to the Rosetta Stone* for clinicians for not only deciphering
but simplifying the complex “mystery” of diastology.
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*Until two centuries ago, the ancient Egyptian language was a mystery to the
world. In 1779, Napoleon’s expedition to Egypt came upon a large stone in the
village of Rosetta bearing inscriptions carved circa 196 BC. The top script was in
Egyptian hieroglyphics; the middle inscription was in a cursive form of hieroglyphics
known as “Demotic”; and the bottom inscription was in Greek. Thomas Young, a
well renown British scientist, mathematician, physicist, philosopher, physician and
Egyptologist, was among the first to decipher the hieroglyphics. The Rosetta Stone
has come to be regarded as the key that unlocked the mysteries of ancient Egyptian
civilization. Among many innovative contributions, Thomas Young published the
mathematical model of determining compliance in the formula that carries his name
(Young’s modulus of chamber compliance) and is occasionally used for assessment
of diastolic function. He also independently described the relation among pressure,
force and tension across curved surfaces referred to as the “Young-Laplace law,”
which is highly relevant to the practice of cardiology.
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Physiology of Diastole
Diastolic function of the heart is a complex sequence of
many interrelated events (5–7,16–21). Numerous factors de-
termine how the ventricle fills with blood during diastole. Each
of these factors—including ventricular relaxation, diastolic
suction, erectile coronary effect, viscoelastic forces of the
myocardium, pericardial restraint, ventricular interaction and
atrial contribution—is interrelated to the others in a complex
sequence of events. Much of the analysis of diastolic function
of the left ventricle has been limited to animal models and has
required intricate measurements of left ventricular pressures
with high fidelity manometer-tipped catheters, instantaneous
left ventricular volume, wall thickness and intrapericardial and
intramyocardial pressures (5–7,17,19).
Although diastolic function of the left ventricle is a complex
interplay of numerous components, a simplistic conceptual
framework can provide practical insight for the diagnosis and
treatment of diastolic dysfunction. The classic approach has
been to divide diastole into four discrete segments: isovolu-
metric relaxation, rapid filling, slow filling and atrial contrac-
tion (19). However, because of the complex interactions
among numerous interrelated events, including the influence
of the preceding systolic contraction, it has been difficult to
apply this approach clinically. A proposed approach that can
be used clinically is to consider the cardiac cycle in terms of
systolic contraction, relaxation and diastolic filling (Fig. 1), a
modification of the model proposed by Brutsaert et al. (16,22–
24). Contraction encompasses isovolumetric contraction and
the first half of ejection with a transition into relaxation, which
consists of a large portion of the second half of ejection,
isovolumetric relaxation and the rapid filling phase. Diastolic
filling is the period in which the ventricle fills with blood from
the left atrium (from the onset of mitral valve opening to mitral
valve closure). The early phase of diastolic filling coincides
with and is dependent on continued ventricular relaxation.
The two major determinants of left ventricular filling are 1)
ventricular relaxation, and 2) effective chamber compliance. Ven-
tricular relaxation is a complex energy-dependent process during
which the contractile elements are deactivated and the myofibrils
return to their original (precontraction) length. In a normal heart,
ventricular relaxation begins during midsystole and continues
throughout the first third of diastolic filling. There is a triple
control of relaxation in the intact heart consisting of inactivation,
the load on the left ventricle and the nonuniformity of relaxation
(16,22–24). Simplistically, ventricular relaxation can be thought of
as the rate and duration of the decrease in left ventricular
pressure after systolic contraction. In the catheterization labora-
tory, relaxation abnormalities are measured from left ventricular
pressures obtained with high fidelity manometer-tipped catheters
(19–21). Peak negative change in left ventricular pressure over
time (dP/dt) and the time constant of relaxation, or tau, are
accepted indexes of the rate of relaxation, although both have
limitations (20,21). In disease states, relaxation abnormalities
occur early, often preceding dysfunction of the contraction phase.
Delayed inactivation, diminished load dependence and increased
nonuniformity impair relaxation and diminish the mechanical
efficiency of the heart (22–24). This results in a decrease in the
ability of the left ventricle to fill with blood in early diastole, that
is, the rapid filling phase. There usually is a compensatory
increase in filling with atrial contraction. Depression of systolic
performance affects relaxation from diminished loads due to less
deformation at end-systole (24).
The “effective operating chamber compliance” describes
the passive properties of the left ventricle during blood flow
across the mitral valve from the left atrium into the left
ventricle (5,6,18,19,25–27). Several complex interactions occur
during this period, including the continued effect of ventricular
relaxation, diastolic suction, passive filling, pericardial re-
straint, ventricular interaction and viscoelastic forces of the
myocardium. The relation of instantaneous wall stress and wall
strain has been used to measure myocardial stiffness, but these
complex measurements are impractical for clinical application.
“Effective operating chamber compliance” (25–27), defined as
the change in volume over the change in pressure during
diastolic filling, is used in the following discussion to provide a
clinical assessment of these passive left ventricular properties.
Because of the exponential shape of the diastolic pressure–
Figure 1. Diastolic filling of the left ventricle in a patient with
hypertrophic cardiomyopathy. The high fidelity left ventricular (LV)
and left atrial (LA) pressures are shown with a schematic representa-
tion of ascending aortic pressure (Ao). In the classic system, the
cardiac cycle is divided into systole and four phases of diastole:
isovolumetric relaxation (IVR), rapid filling (RF), slow filling (SF) and
atrial contraction (AC). In a more practical and simplified system, the
cardiac cycle is divided into contraction, relaxation and diastolic filling.
Each of the three phases is dependent on effects of the preceding
phase (see text).
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volume curve, a decrease in chamber compliance can be
caused by 1) a shift of the curve upward and to the left because
of either increased myocardial stiffness or increased pericardial
restraint; or 2) a shift of the ventricle rightward to a steeper
portion of the pressure–volume curve because of an increase in
volume (Fig. 2). A decrease in chamber compliance caused by
either mechanism will increase left ventricular filling pressure
and mean left atrial pressure, which are the end result of
diastolic dysfunction.
Doppler Flow Velocity Curves: Interpretation
In 1982, Kitabatake et al. (28) described the transmitral
flow velocity curves obtained with Doppler echocardiography
in different disease states. Subsequent investigations have
shown (28–30) that mitral flow velocity curves correlate well
with the first derivative of diastolic volumetric flow rates
obtained by other accepted methods, such as left ventriculog-
raphy, radionuclide angiography and digitized M-mode echo-
cardiography. On the basis of descriptive studies of transmitral
flow velocity curves in disease states, a bimodal distribution of
early peak filling rates was identified. In patients with known
cardiac disease, the early peak filling rate was found to be
slower than in those without heart disease (28,31–33). There-
fore, low peak filling rates were thought to represent “diastolic
dysfunction.”
There has been confusion in the published reports about
this interpretation of mitral flow velocity curves. The concept
of a bimodal distribution of peak filling rates can be mislead-
ing. In patients with abnormally low peak filling rates, the
“normalization” of the peak filling rate by a drug or interven-
tion was interpreted to represent improvement in the diastolic
filling of the left ventricle (34–41). However, although acute
administration of a drug such as a calcium channel blocking
agent increases an abnormally low peak velocity, simultaneous
invasive measurements have shown (42) that this is associated
with an increase in left ventricular filling pressures and pro-
longation of tau. Thus, there may be a deterioration of
diastolic function with “normalization” of an abnormal mitral
velocity curve (Fig. 3).
To interpret the Doppler indexes of diastolic filling, it has
been proposed (25,32,43–45) that the mitral flow velocity
curves be considered as reflecting the relative driving force
across the mitral valve. When a pulsed-wave sample volume is
placed at the tip of the mitral leaflets, the measured peak
velocity is indicative of the relative instantaneous change in
pressure between the left atrium and left ventricle after the
opening of the mitral valve. A sample volume can also be
placed in the pulmonary vein to provide additional information
about the filling of the left atrium and left ventricle (46,47).
Similarly, right-sided filling can be interrogated with velocity
curves obtained from transtricuspid and vena cava flow (48). It
must be emphasized that Doppler flow velocity curves should
not be interpreted as a measurement of all the complexities
involved in diastolic function of the heart but rather as a
Figure 2. The effects of changes in operative compliance. Top, A
decrease in operative compliance results in an increase in the initial E
velocity and a shortening of the deceleration time on the mitral flow
velocity curve. This can be caused by one of two mechanisms, as shown
by the two pressure–volume loops. Bottom left, An increase in left
ventricular volume (LV vol) may shift the pressure–volume loop to the
right (dashed loop) on the same diastolic pressure–volume curve
(dashed line). Bottom right, The diastolic pressure–volume curve can
be shifted upward and to the left (arrows), causing a decrease in the
effective operative compliance. This can be caused by either an
increase in myocardial stiffness or a change in the extrinsic factors of
the heart, such as an increase in pericardial restraint.
Figure 3. High fidelity left ventricular pressure
curves and simultaneous mitral flow velocity
curves in a patient (left) in the baseline state
and (right) after intravenous administration of
verapamil. The mitral flow velocity curve shows
an increase in E velocity and a shortening of
deceleration time after intravenous administra-
tion of verapamil. The mitral flow velocity curve
has a “pseudonormal” pattern. In the left
ventricular pressure curves, there is an increase
in left ventricular end-diastolic pressure
(LVEDP) and a prolongation of the time con-
stant of relaxation (TAU), indicating deteriora-
tion of diastolic function. Reprinted, with per-
mission, from Nishimura et al. (42).
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representation of the overall diastolic filling characteristics of
the heart. However, these flow velocity curves can be useful in
the diagnosis, prognosis and treatment of diastolic dysfunction
(25,32,43).
The relation of the instantaneous pressure changes between
the left atrium and left ventricle and the mitral flow velocity
curve is shown in Figure 4. After contraction is completed in a
normal ventricle, left ventricular pressure rapidly decreases
during ventricular relaxation. When left ventricular pressure
becomes less than the left atrial pressure, a driving force
develops across the mitral valve from the left atrium to the left
ventricle, and an acceleration of blood flow velocity is seen on
the transmitral flow velocity curve (44,45,49–51). Left ventric-
ular pressure continues to decrease because of further relax-
ation and a “suction” effect. In early diastole, left ventricular
pressure reaches its nadir, which is followed by an increase in
pressure caused by a combination of forces, such as the
viscoelastic forces of the myocardium, pericardial restraint and
ventricular interaction (5–7,17,18,20,49,52). Left ventricular
pressure then equilibrates, or may even transiently exceed, left
atrial pressure and causes a deceleration of the transmitral
flow velocity curve. The rate of deceleration of flow depends
on the effective operative compliance of the ventricle (26,27).
During mid-diastole, the pressures are equilibrated, but for-
ward flow continues because of inertial forces. Finally, atrial
contraction produces an increase in left atrial pressure so that
it exceeds left ventricular pressure; this causes a reacceleration
of flow on the transmitral flow velocity curve.
Simple measurements can be obtained from transmitral
flow velocity curves (Fig. 4). The E velocity is the peak early
filling velocity and is influenced by left atrial pressure at mitral
valve opening, the relative driving force between the left
atrium and left ventricle, minimal left ventricular diastolic
pressure, compliance of the left atrium and the rate of
ventricular relaxation (44,45,50,51,53,54). The rate of decrease
of velocity following the E velocity is measured as the decel-
eration time. The deceleration of the mitral flow velocity curve
is extrapolated to baseline, and the deceleration time is the
interval between the peak E velocity and the intersection of the
deceleration of flow with the baseline. The deceleration time
depends on the rate of increase in left ventricular pressure in
early diastole, after it has reached its nadir, and is a measure of
the effective operative chamber compliance of the left ventricle
(26,27). The A velocity is the velocity at atrial contraction.
Because atrial contraction usually occurs after relaxation is
completed, the peak velocity depends on left ventricular
chamber compliance as well as the volume and contractility of
the left atrium. The duration of the atrial contribution of the
transmitral flow velocity curve is a useful measurement, espe-
cially in combination with pulmonary vein flow velocity curves
(55–57).
The normal mitral flow velocity curve varies with loading
conditions, age and heart rate (46,51,58–65). Published values
for age and gender are available and should be used when
interpreting these velocity curves. In a normal middle-aged
subject, the E velocity is slightly larger than the A velocity, and
the deceleration time is ;200 6 40 ms.
Usually, an abnormality of relaxation is the earliest mani-
festation of a disease process (Fig. 5, top). It is commonly
present with hypertension and coronary artery disease and
becomes more prominent in older subjects. A primary abnor-
mality of relaxation produces specific changes in the mitral
flow velocity curve. There is a slower decrease in the rate of
decrease of left ventricular pressure, and the duration of
relaxation is prolonged into mid- or even late diastole. A lower
initial driving force across the mitral valve occurs because of
this slower rate of ventricular relaxation and results in a low E
velocity. The duration of ventricular relaxation may continue
into mid- or late diastole, which means less filling of the left
ventricle in mid-diastole and prolongation of the deceleration
time on the transmitral flow velocity curve. There is a com-
pensatory increase in transmitral flow at atrial contraction
from the high residual atrial preload, and the result is a high A
velocity. Thus, a mitral flow velocity curve of a heart with
abnormal relaxation consists of a low E velocity, a high A
velocity and a prolonged deceleration time.
In the late stages of disease, the effective operative chamber
compliance decreases and causes increased mean diastolic
pressures (Fig. 5, bottom). Patients with this abnormality have
isolated severe diastolic abnormalities, as seen in restrictive
cardiomyopathy or concomitant systolic dysfunction due to
dilated cardiomyopathy or end-stage ischemic cardiomyopa-
Figure 4. Simultaneous mitral flow velocity curve and high fidelity
pressure curves of the left ventricle (LV) and left atrium (LA).
Enlargement of the diastolic portion of the left atrial and left
ventricular pressure curves is shown in the bottom rectangle. Measure-
ments of the mitral flow velocity curves include E velocity (E), A
velocity (A), deceleration time (DT) and A duration (Adur).
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thy. A decrease in the effective operative chamber compliance
of the left ventricle will affect the transmitral flow velocity
curves in a specific manner. A high left atrial pressure at the
time of mitral valve opening and a large left atrial–left
ventricular gradient in early diastole will produce a fast
acceleration in blood flow velocity into the left ventricle. A
high E velocity will occur on the mitral flow velocity curve. A
rapid increase in left ventricular pressure after its nadir will
cause a rapid deceleration on the transmitral flow velocity
curve. There will be a lower forward velocity at atrial contrac-
tion because a relatively greater filling of the left ventricle has
occurred in early diastole. Also, a greater proportion of blood
will flow back into the pulmonary veins during atrial contrac-
tion because there is a high afterload on the left atrium from
higher left ventricular diastolic pressure. Thus, an abnormality
of compliance, referred to as “restriction to filling,” results in
a high E velocity, a short deceleration time and a low A velocity
on the mitral flow velocity curve (53,54).
There is an important concept that must be recognized to
properly interpret mitral flow velocity curves. In a patient with
abnormal relaxation, deterioration of diastolic function results
in a higher left atrial pressure and a decrease in effective
operative compliance of the left ventricle. This increases E
velocity, shortens the deceleration time and produces a mitral
flow velocity curve pattern that simulates a normal flow
velocity curve (66). This pattern of a normal-appearing mitral
flow velocity curve with increased filling pressures is called
“pseudonormalization” (Fig. 6). Thus, “normalization” of an
abnormal relaxation pattern may represent a deterioration of
diastolic function of the heart. This may explain the confusion
that has occurred in the published reports when mitral velocity
curves have been used to determine the effects of a treatment.
Information from pulmonary vein velocity curves can be
used clinically in conjunction with that from mitral flow
velocity curves (46,47,67). Pulmonary vein velocity curves are
obtained by placing a pulsed wave sample volume in the
pulmonary veins where they enter the left atrium. A normal
pulmonary vein velocity curve consists of systolic forward flow,
diastolic forward flow and a reversal of velocity at atrial
contraction. Systolic forward flow is influenced by left atrial
compliance, atrial relaxation, mean left atrial pressure, descent
of the annulus toward the left ventricular apex, right ventric-
ular contraction and other factors, such as concomitant mitral
regurgitation (67). In a patient with high left atrial pressures
and poor left ventricular systolic function, the velocity of
systolic forward flow is decreased (46). Diastolic forward flow
occurs at the time when there is an open conduit between the
pulmonary vein, left atrium and left ventricle. Thus, the
contour of diastolic flow velocity is similar to that of the early
part of the mitral flow velocity curve and is dependent on the
same factors that influence the early mitral velocity curve (47).
Isolated relaxation abnormalities cause a higher systolic/
diastolic velocity ratio on the pulmonary velocity curves.
Restriction to filling with a high left atrial pressure produces a
low systolic/diastolic velocity ratio.
The reversal of velocity at atrial contraction in the pulmo-
Figure 5. Top, Simultaneous mitral flow velocity curves and high
fidelity manometer-tipped pressures of the left ventricle (LV) and
pulmonary capillary wedge pressure (PCWP) in a patient with abnor-
mal prolonged relaxation. The time constant of relaxation is increased
at 72 ms. The deceleration time (DT) is prolonged (310 ms), and the
E/A ratio is low (0.5). There is a low mean left atrial pressure (LAP)
of 8 mm Hg, as assessed indirectly by the pulmonary capillary wedge
pressure. Bottom, Simultaneous mitral flow velocity curve and high
fidelity left ventricular (LV) and left atrial (LA) pressure curves in a
60-year old patient with dilated cardiomyopathy and restriction to
filling. Note the high left atrial pressure of 28 mm Hg in this patient.
The deceleration time is short (130 ms), and the E/A ratio is high (2.8).
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nary vein curves provides clinically relevant information that
supplements that obtained from mitral flow velocity curves
(55–57). At the time of atrial contraction, there continues to be
an open conduit between pulmonary vein, left atrium and left
ventricle. There is forward flow into the left ventricle, with
blood also going retrogradely into the pulmonary veins. As the
left ventricular filling pressure increases and left ventricular
compliance decreases, a higher resistance to forward flow
occurs during atrial contraction. This results in less forward
flow into the left ventricle and reflux of a greater volume of
blood into the pulmonary vein during atrial contraction. Con-
versely, with low filling pressures and normal compliance of the
left ventricle, there will be more forward flow into the left
ventricle and reflux of a smaller volume of blood into the
pulmonary vein during atrial contraction. Because ventricular
relaxation usually is completed by the time of atrial contrac-
tion, the ratio between forward flow velocity into the left
ventricle and retrograde flow into the pulmonary vein is an
indirect indicator of ventricular compliance.
Progression of Disease Patterns
It has been hypothesized (25), and demonstrated in exper-
imental models of heart failure (26,27), that the transmitral
flow velocity curves show a progression over time with diseases
involving the myocardium (Fig. 7). In a normal middle-aged
subject, the mitral flow velocity curve consists of an E/A ratio
slightly .1.0 and a deceleration time of ;200 ms. In the early
stages of dysfunction, impaired (delayed) relaxation of the left
ventricle predominates, and this decreases early diastolic fill-
ing. An abnormal relaxation pattern is seen on the mitral flow
velocity curve and consists of a low E velocity, prolongation of
the deceleration time and increased filling at atrial contraction.
At this stage, there is little if any increase in rest left ventricular
diastolic filling pressure. Increased filling pressure may develop
with exercise because of shortening of the diastolic filling
period. With disease progression, left atrial pressure increases,
thus increasing the driving pressure across the mitral valve.
There is a gradual increase in the E velocity on the mitral flow
velocity curve. As effective operative compliance decreases, the
deceleration time shortens, and a pseudonormal pattern appears.
In more advanced disease, the left atrial pressure is higher and
ventricular compliance is poor, producing a restriction to filling
pattern. In patients with left ventricular systolic dysfunction, a
restriction to filling pattern has been associated with a worse
functional class and diminished exercise tolerance (68). The
finding that the prognosis of patients with either dilated (69,70) or
infiltrative (71) cardiomyopathy can be predicted by the mitral
Figure 6. Simultaneous mitral flow velocity curve and left ventricular
(LV) and left atrial (LA) high fidelity pressure curves in a 62-year old
patient with dilated cardiomyopathy and a pseudonormalization pat-
tern. The left atrial pressure is high at 32 mm Hg, and the rate of left
ventricular relaxation is prolonged, with a time constant of relaxation
of 68 ms. Deceleration time (DT) is normal (190 ms), as is the E/A
ratio. However, this represents pseudonormalization rather than a
normal flow velocity curve. Note early closure of the mitral valve
because of first-degree atrioventricular block.
Figure 7. Diagram of a proposed grading system for
diastolic dysfunction based on the progression of
disease patterns in patients with cardiac disease.
Below the high fidelity left atrial and left ventricular
pressure curves is a schematic representation of the
mitral flow velocity curve. Below this is the mean left
atrial pressure (LAP), time constant of relaxation
(TAU) and New York Heart Association (NYHA)
class associated with the various mitral flow velocity
curves. The natural progression is from the normal
pattern, to the abnormal relaxation pattern, to the
pseudonormalization pattern, to a reversible restric-
tion pattern and finally to an irreversible restriction
pattern. The grade of diastolic dysfunction on a scale
of I to IV is shown (see text for details).
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deceleration time is of great interest. A short deceleration time
(,140 to 150 ms) is indicative of a poor prognosis, independent of
the degree of systolic dysfunction (69–71).
Mitral flow velocity curve patterns are influenced by loading
conditions of the left ventricle (44,50–52,58,59,72). Different
flow patterns may be seen only hours to days apart in the same
person, depending on the left ventricular preload or afterload.
An increase in preload increases the driving pressure at mitral
valve opening. The effective operative compliance of the left
ventricle decreases for two reasons (Fig. 2): 1) The diastolic
pressure–volume relation is curvilinear, and a shift in the
pressure–volume curve to the right because of a larger left
ventricular volume results in a greater increase in pressure per
unit volume during diastole (5,7). 2) If left ventricular volume
increases, pericardial restraint occurs and shifts the diastolic
pressure volume curve upward and to the left (5,7,19). Thus, an
increase in preload increases the E velocity and shortens the
deceleration time. Conversely, a decrease in preload decreases
the E velocity and prolongs the deceleration time. An increase
in afterload primarily prolongs the rate of left ventricular
relaxation, which in turn lowers the E velocity and prolongs the
deceleration time.
On the basis of this progression of disease patterns, we
would like to propose a grading system for the severity of
diastolic dysfunction as assessed with Doppler echocardiogra-
phy (Fig. 7). Published values for the 95% confidence limits of
the E/A ratio in deceleration time based on age and gender
(62–64) should be used to define the transmitral flow velocity
curves in individual patients. Using a scale of I to IV, grade I
identifies a patient with an abnormal relaxation pattern and
minimal or no symptoms of heart failure at rest. Patients with
grade I diastolic dysfunction may develop dyspnea with moderate
to extreme exertion or may develop symptoms of heart failure if
the contribution from atrial contraction is lost, as occurs with
development of atrial fibrillation. With grade II diastolic dysfunc-
tion, there is a pseudonormalization pattern on the mitral flow
velocity curves and increased filling pressures at rest, producing
symptoms with mild to moderate exertion. Patients with grade III
diastolic dysfunction have a restrictive filling pattern on the mitral
flow velocity curves, severe increase in filling pressures and
symptoms at rest or with minimal exertion. The treatment of
heart failure and decreasing preload may produce changes in the
mitral flow velocity curve so that a patient with grade III diastolic
dysfunction may move to grade II or even grade I diastolic
dysfunction. Some patients with severe abnormalities of ventric-
ular compliance and end-stage heart disease maintain a severe
restrictive pattern even after aggressive diuresis. These are pa-
tients with the poorest prognosis; they have grade IV (irreversible)
diastolic dysfunction (73).
Estimation of Left Ventricular
Filling Pressures
The result of abnormal diastolic function is increased left
ventricular filling pressures (5–7,18,74–76). Currently, cardiac
catheterization is necessary to directly measure left ventricular
filling pressures. Because of advances in interpreting Doppler
flow velocity curves, left ventricular filling pressures can be
determined noninvasively in selected subsets of patients. How-
ever, there remain caveats and questions that must be an-
swered before Doppler echocardiography can be used to
estimate left ventricular filling pressures in all patients with
suspected cardiac disease.
The Doppler determinants of mean left atrial pressure
occur in early diastole and are measured by the E velocity and
deceleration time. The initial E velocity is influenced mainly by
the driving pressure from the left atrium to the left ventricle at
the time of mitral valve opening (44,45,49–51), and the
deceleration time is determined by the effective operative
compliance of the left ventricle (26,27), both of which are
related to mean left atrial pressure. Thus, in many patients
with a high mean left atrial pressure, the E velocity is usually
high and the deceleration time is short on the transmitral flow
velocity curve. Conversely, if the left atrial pressure is low, the
initial E velocity is usually low and deceleration time is
prolonged. It has been shown (51,52,58,59,72,77) that specific
changes in the mitral flow velocity curves follow changes in
mean left atrial pressure. What is clinically important is
whether a similar interpretation of mitral flow velocity curves
may be applied to a patient to estimate mean left atrial
pressure.
As shown in several studies of patients with severe left
ventricular systolic dysfunction (78–80), the inverse correla-
tion of the deceleration time with the mean left atrial pressure
or pulmonary capillary wedge pressure is excellent. Short
deceleration times (,150 ms) nearly always indicate a left
atrial mean pressure .25 mm Hg. Conversely, a prolonged
deceleration time correlates well with low or normal filling
pressures (,15 mm Hg). Although less sensitive and specific
than the deceleration time, a high E/A ratio (.2.5) is associ-
ated with high left atrial pressures, and a low E/A ratio is
associated with low left atrial pressures in patients with left
ventricular systolic dysfunction.
Caution must be used in applying these concepts of esti-
mating left atrial pressure to other disease states (55,81,82).
The relation of left atrial pressure with the E/A ratio and
deceleration time depends on several assumptions. The first
assumption is that the initial portion of the mitral flow velocity
curve is dependent primarily on left atrial pressure. However,
other factors influence this portion of the mitral velocity curve,
including the rate of ventricular relaxation, diastolic suction
and the compliance of both the left atrium and ventricle
(44,45,50,51,53,54). In patients with left ventricular systolic
dysfunction, there usually is a moderate to severe prolongation
of relaxation and little contribution from diastolic suction.
Thus, in this subset of patients, there is an inverse correlation
between mean left atrial pressure and deceleration time.
However, in patients with a disease such as hypertrophic
cardiomyopathy, there is a wide range in the extent of prolon-
gation of ventricular relaxation, and the hyperdynamic ventri-
cle may have a large component of diastolic suction. This
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produces a poor correlation between left atrial pressure and
the values of the mitral flow velocity curve (83). The second
assumption that is made in using these early mitral flow
velocity curve variables is that patients with an entirely normal
flow velocity curve are excluded from analysis. In the progres-
sion of mitral flow velocity curves in disease, the gradual
increase in E velocity and the decrease in deceleration time
(pseudonormalization) occur only after the onset of abnormal
relaxation. Normal subjects, especially younger ones, have a
relatively high E velocity and a short deceleration time, not
because of the abnormality of diastolic filling but because of a
rapid relaxation and rapid suction effect. In studies of a large
number of patients, including those with normal systolic func-
tion, the correlation between deceleration time and left ven-
tricular filling pressures is poorer, which makes it difficult to
determine filling pressures in a specific patient on the basis of
the mitral flow velocity curve alone.
Currently, research is focused on distinguishing between
the normal pattern (normal filling pressures) and the pseudo-
normal pattern (increased filling pressures) seen on mitral flow
velocity curves (84). Analysis of pulmonary vein velocity curves
may be helpful in that the velocity of systolic forward flow is
inversely related to left atrial pressure (43,46,56,67). However,
systolic forward flow may still be preserved if the contraction of
the atrium and ventricle is maintained despite a high left atrial
pressure (47). The response of the mitral flow velocity curve to
changes in load may be used to distinguish between a normal
and a pseudonormal flow pattern (50,51,72,85,86). In a normal
subject, the E and A velocities both decrease when the preload
is lowered with a drug such as nitroglycerin or during the strain
phase of the Valsalva maneuver. Conversely, when there is a
lowering of the preload in the presence of a pseudonormal
pattern, a low E but a high A velocity emerges as an abnormal
relaxation pattern is unmasked. New techniques are being
investigated, for example, color M-mode echocardiography,
which measures the flow propagation into the left ventricle,
and Doppler tissue imaging, which directly examines myocar-
dial motion (82,87–91). Additional studies will be needed
before these new techniques can be applied clinically (84).
Left ventricular end-diastolic pressure depends on atrial
pressure at the onset of atrial contraction, atrial contractility
and compliance of the left ventricle. The left ventricular
end-diastolic pressure can best be estimated from the ratio
between the duration of atrial contraction on the mitral flow
velocity curve and the duration of the pulmonary venous
velocity curve (55–57). In a normal subject, the duration of the
pulmonary venous velocity curve is equal to or less than the
duration of atrial contraction on the mitral flow velocity curve.
In the presence of an abnormal compliance of the left ventricle
and higher end-diastolic pressures, there is a cutoff of the
duration of mitral flow velocity curve at atrial contraction as
left ventricular pressure rapidly exceeds left atrial pressure.
Blood will flow back into the pulmonary vein as atrial contrac-
tion continues, even after cessation of transmitral flow. A
pulmonary vein duration greater than mitral duration at atrial
contraction is highly sensitive and specific for increased left
ventricular end-diastolic pressure (.15 mm Hg). This relation
is present with both left ventricular systolic dysfunction and
normal systolic function.
Currently, left ventricular filling pressures can be assessed
reliably from the mitral flow velocity curves alone in patients in
normal sinus rhythm who have left ventricular systolic dysfunc-
tion. Short deceleration times are indicative of high filling
pressures. In patients with normal systolic function, more
information is required in addition to the transmitral velocity
curve for estimation of left ventricular filling pressures. If the
pulmonary vein “A” velocities can be obtained, the relative
duration compared with the mitral A velocity is useful for
estimating filling pressures. Other methods for aiding in esti-
mation of filling pressures in patients with normal systolic
function are still under investigation.
Treatment
The treatment of diastolic dysfunction has been difficult and
confusing. Only with increased understanding of the mecha-
nism of diastolic dysfunction has it been possible to treat
diastolic dysfunction. The treatment of this disorder can be
divided into 1) general guidelines, 2) specific therapy based on
Doppler flow velocity curves, and 3) dual-chamber pacing.
General therapy. The general therapy of diastolic dysfunc-
tion has several goals (5,7,19,81). If the size of the left ventricle
is enlarged, a decrease in size will shift the pressure–volume
curve downward and to the right by decreasing the preload and
reducing pericardial constraint. This is most effective if there is
an increase in right-sided diastolic pressures at baseline. If
systolic contractility is reduced, an increase in systolic contrac-
tility will improve the rate of relaxation and shift the left
ventricular pressure–volume loop leftward on its diastolic
pressure–volume curve. A high afterload prolongs ventricular
relaxation, and an attempt should be made to normalize blood
pressure if it is increased.
Specific therapy. Specific therapy may be based on Dopp-
ler flow velocity curves. In patients with abnormal relaxation
(grade I), there is a decrease in early filling of the heart, when
a large proportion of the left ventricle fills at atrial contraction.
These patients usually are not symptomatic at rest because
their filling pressure is normal or only mildly increased.
However, they may become symptomatic with exercise as the
diastolic filling period shortens, because relaxation may not
become complete before the onset of atrial contraction. An
optimal therapy for these patients would be a medication that
would increase the diastolic filling period and allow the
ventricle more time to fill and allow relaxation to be completed
before the onset of atrial contraction. Drugs such as beta-
adrenergic or calcium channel blocking agents with negative
chronotropic properties should be administered for symptom-
atic benefit. Calcium channel blockers do not appear to
improve directly the rate of relaxation (42). For patients with
abnormal relaxation caused by left ventricular hypertrophy due
to hypertension, drugs that can produce regression of the
hypertrophy may be beneficial in the long term. Angiotensin-
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converting enzyme inhibitors may have a direct beneficial
effect on both relaxation and compliance (92). For patients
who lose atrial contraction because of atrial arrhythmias,
aggressive therapy should be directed at keeping the patient in
normal sinus rhythm.
For patients with restriction to filling (grades III and IV),
most of the filling of the left ventricle occurs in early diastole.
Any measure that would prolong diastolic filling in these
patients would not be beneficial, and the end result would be a
decrease in cardiac output caused by decreasing the heart rate.
The mainstay in therapy in these cases is the cautious use of
venodilators and diuretic drugs to reduce the left ventricular
preload. The reduction in preload not only shifts the pressure–
volume curve leftward but relieves pericardial restraint if there
is a concomitant increase in right-sided diastolic pressures. In
patients with grade IV diastolic dysfunction, caution must be
used because a reduction in preload may be at the expense of
a decrease in forward cardiac output.
Dual-chamber pacing. Dual-chamber pacing has been
used to treat selected subgroups of patients with severe left
ventricular systolic dysfunction (93). The mechanism by which
dual-chamber pacing works is restoration of proper atrial
ventricular synchrony. The patients who respond best to dual-
chamber pacing are those in whom atrial ventricular synchrony
is ineffective because of a long first-degree atrioventricular
(AV) block (Fig. 8). This results in abbreviated diastolic filling,
and as left ventricular pressure increases above left atrial
pressure at mid-diastole, diastolic mitral regurgitation may
occur to further reduce the preload of the left ventricle.
Therefore, at the time of onset of ventricular contraction, there
is a lower preload, and decreased forward output is present. By
reestablishing optimal AV synchrony with dual-chamber pac-
ing at a short AV delay, forward cardiac output can be
increased in selected patients.
Summary
Doppler echocardiography has emerged as a noninvasive
modality that can be used to assess diastolic filling of the heart.
To apply this in clinical medicine, mitral flow velocity curves
must be properly interpreted. It now is possible to predict
prognosis, estimate filling pressures and guide therapy by
analyzing mitral flow velocity curves. Additional studies with a
large number of patients will be required to determine the
ultimate role of Doppler echocardiography in population-
based studies of diastolic dysfunction.
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